On the basis of the perturbation formulas for a d 1 configuration ion in a tetragonal crystal field, the three optical absorption bands and electron paramagnetic resonance (EPR) parameters (g factors g i and hyperfine structure constants A i for i = and ⊥, respectively) of VO 2+ in Na 3 C 6 H 5 O 7 · 2H 2 O single crystals were studied using the perturbation theory method. By simulating the calculated optical and EPR spectra to the observed values, local structure parameters and negative signs of the hyperfine structure constants A i of the octahedral (VO 6 ) 8− cluster in trisodium citrate dehydrate single crystal can be obtained.
Introduction
Electron paramagnetic resonance (EPR) has long been considered as one of the most useful tools for the experimental study of chemical bonding, structural information of the electronic and spatial configuration of paramagnetic centers [1] [2] [3] . The optical absorption method provides the crystal field parameters and the energy level structure of the metal ion [4, 5] . Thus, EPR and optical spectrum technique are two powerful tools for studying point symmetry and dynamic properties of the transition-metal ions in the host crystals. The vanadyl ion (i.e., VO 2+ ), having 3d 1 configuration, is the most stable cation among a few molecular paramagnetic transition metal ions that is used extensively as an impurity probe for probing the site symmetry of the central ion and the bonding nature with the ligands EPR studies [1, 2, [6] [7] [8] . Moreover, due to the strong V=O bonding in VO 2+ ion, most of the VO 2+ complexes in the crystals posses C 4v symmetry with both g and A values found to be axially symmetric [6, 7] . For example, Karabulut et al. measured the optical spectra and EPR parameters for V 4+ center in trisodium citrate dehydrate (Na 3 C 6 H 5 O 7 · 2H 2 O; TSCD hereafter) single crystal [8] . As is known, for 3d
an octahedral complex with a tetragonal compression would give g < g ⊥ < g s and |A | > |A ⊥ | [9, 10] , where g s is the free-spin g value of 2.0023. The observed EPR parameters (see table 1) of TSCD:VO
2+
agree with the relation. That is to say, the studied (VO 6 ) 8− cluster in TSCD crystal is in tetragonally distorted compressed octahedral. Based on the crystal-field theory, theoretical calculations of the optical absorption and EPR spectra of TSCD:VO 2+ were performed using the complete diagonalization energy matrix method (CDM) by Kalfaoglu and Karabulut, and the calculated results agree with the experimental data (see table 1 , Cal a .) [11] . However, the previous treatments fail to connect the optical and EPR spectra with the local structures of the system studied and local lattice distortion around the Jahn-Teller ion V 4+ center was not taken into account. Consequently, the local structures information of the (VO 6 ) 
8− cluster in TSCD crystal. Based on the above studies, some useful information of defect structures for the tetragonal V 4+ centers in TSCD crystal can be obtained from the EPR and optical spectra analysis. The negative signs of hyperfine structure constants A and A ⊥ are also suggested from the calculations.
Calculation
For a 3d
1 ion in tetragonally compressed octahedra, its higher orbital doublet with the latter lying lowest [12, 13] . Therefore, the three optical absorption bands can be given as:
The cubic and tetragonal field parameters (i.e., D q , D s and D t ) can be determined from the superposition model [13] and the geometrical relationship of the impurity V 4+ center:
Here, t 2 ≈ 3 and t 4 ≈ 5 are the power-law exponents in view of the ionic nature of the bonds [14] [15] [16] . R = (R ∥ + 2R ⊥ )/3 is the average impurity-ligand (V-O) distance, where R ∥ is the (V-O) distance along the C 4 axis, and R ⊥ is the bonding length between V 4+ and the original planar oxygen ions. A 2 (R) and A 4 (R) are the intrinsic parameters with the reference distance R, where R (≈ R ⊥ ≈ 1.985 Å [17] ) is taken for the VO 2+ in cubic field. For 3d n ions in octahedra, the ratio A 2 (R)/A 4 (R) is in the range of 9-12 in many crystals [4, 12, 13, [18] [19] [20] . Here, we take the mean value, i.e. A 2 (R)/A 4 (R) ≈ 10.5.
Within the high order perturbation theory, the third-order perturbation formulas of EPR parameters (g factors g ∥ , g ⊥ and the hyperfine structure constants A , A ⊥ ) for 3d 1 ions in tetragonal symmetry with the ground state 2 B 2g (|d x y 〉) can be derived as [9, 20] :
In the above formulas, k is the orbital reduction factor. ζ and P are, respectively, the spin-orbit coupling coefficient and the dipolar hyperfine structure parameter for the center 3d 1 ion (i.e., V 4+ ) in crystals. κ is the isotropic core polarization constant. Generally, the value of κ within the range 0.6-1.0 for a Calculated by Kalfaoglu and Karabulut using the complete diagonalization energy matrix method (CDM) in reference [11] . b Calculated in this work based on the perturbation theory method (PTM).
VO
2+ in various crystal [4, 10, [19] [20] [21] [22] , here, we take κ ≈ 0.80, which is comparable with that κ (≈ 0.72) obtained by the previous work and can be regarded as reasonable. Thus, the g factors, especially the anisotropy ∆g (= g ∥ − g ⊥ ) is connected with the tetragonal field parameters and hence with the local structure (i.e., the relative tetragonal elongation R ∥ − R ⊥ ) of the studied systems. Due to the covalence reduction effect for 3d n ions in crystals, we have [19] [20] [21] [22] 
Here, N (≈ k) is the covalency reduction factor characteristic of the covalency effect of the systems studied. Thus, the spin-orbit coupling coefficient ζ and the dipolar hyperfine structure parameter P can be acquired for the studied systems by using the free-ion data ζ 0 (≈ 248 cm −1 [23] ) and P 0 (≈ 172×10 2) The validity of the adopted covalency factor N can be further illustrated by the relationship [25] , where the parameters h(L) (≈ 1) is the characteristic of the ligands L (= O 2− ), and k(M) is the characteristic of the central metal ion [26] . From the values k(V 2+ ) ≈ 0.1 [26] and k(V 3+ ) ≈ 0.2 [26] , one can here reasonably obtain k(V 4+ ) ≈ 0.3 by extrapolation. Thus, we have N of about 0.84, which is close to the adopted ones (N ≈ 0.855) and can be regarded as reasonable.
3) The above calculations suggested that the hyperfine structure constants A and A ⊥ of VO 2+ in TSCD crystal are negative (see table 1 ), but the observed values given in reference [8] are positive. It should be pointed out that the signs of constants A and A ⊥ cannot be determined solely from EPR measurement [27] . Thus, the experimental values of constants A and A ⊥ are actually absolute values [6] [7] [8] .
In this paper, we found, that the signs of A and A ⊥ for VO 2+ in TSCD crystal should be negative, and this is consistent with a number of theoretical investigations [4, 9, [19] [20] [21] [22] and the previous calculation [11] . Therefore, the above calculated A and A ⊥ of the hyperfine structure constants for TSCD:VO 2+ are reasonable in signs and in magnitude.
Summary
The 
